Vibrio species are both ubiquitous and abundant in marine coastal waters, estuaries, ocean sediment, and aquaculture settings worldwide. We report here the isolation, characterization, and genome sequence of a novel Vibrio species, Vibrio antiquarius, isolated from a mesophilic bacterial community associated with hydrothermal vents located along the East Pacific Rise, near the southwest coast of Mexico. Genomic and phenotypic analysis revealed V. antiquarius is closely related to pathogenic Vibrio species, namely Vibrio alginolyticus, Vibrio parahaemolyticus, Vibrio harveyi, and Vibrio vulnificus, but sufficiently divergent to warrant a separate species status. The V. antiquarius genome encodes genes and operons with ecological functions relevant to the environment conditions of the deep sea and also harbors factors known to be involved in human disease caused by freshwater, coastal, and brackish water vibrios. The presence of virulence factors in this deep-sea Vibrio species suggests a far more fundamental role of these factors for their bacterial host. Comparative genomics revealed a variety of genomic events that may have provided an important driving force in V. antiquarius evolution, facilitating response to environmental conditions of the deep sea.
Vibrio species are both ubiquitous and abundant in marine coastal waters, estuaries, ocean sediment, and aquaculture settings worldwide. We report here the isolation, characterization, and genome sequence of a novel Vibrio species, Vibrio antiquarius, isolated from a mesophilic bacterial community associated with hydrothermal vents located along the East Pacific Rise, near the southwest coast of Mexico. Genomic and phenotypic analysis revealed V. antiquarius is closely related to pathogenic Vibrio species, namely Vibrio alginolyticus, Vibrio parahaemolyticus, Vibrio harveyi, and Vibrio vulnificus, but sufficiently divergent to warrant a separate species status. The V. antiquarius genome encodes genes and operons with ecological functions relevant to the environment conditions of the deep sea and also harbors factors known to be involved in human disease caused by freshwater, coastal, and brackish water vibrios. The presence of virulence factors in this deep-sea Vibrio species suggests a far more fundamental role of these factors for their bacterial host. Comparative genomics revealed a variety of genomic events that may have provided an important driving force in V. antiquarius evolution, facilitating response to environmental conditions of the deep sea.
Vibrio | hydrothermal vent | genomics | EX25 W ith more than 110 recognized species, the genus Vibrio comprises a diverse group of heterotrophic bacteria, of which many are known pathogens, causing disease in animals and humans (1, 2) . Vibrio cholerae is the most notorious because it is the causative agent of cholera. Vibrio vulnificus and Vibrio parahaemolyticus cause severe illness in humans and are associated with consumption of contaminated seafood (3, 4) . Vibrio harveyi (5), Vibrio anguillarum (6, 7), and V. parahaemolyticus (8) continue to cause substantial economic losses to the aquaculture industry worldwide.
Vibrios demonstrate a wide range of niche specialization: for example, free-living, attached to biotic and abiotic surfaces, and resident in both estuarine and marine habitats (9) . The deep sea constitutes the largest habitat of the biosphere that supports microbial communities across three domains of life and represents an environment where physiochemical parameters-such as low temperature, high salinity, and high pressure-modulate community structure (10, 11) . Several studies have shown the presence of physiologically, metabolically, and phylogenetically diverse mesophilic microbial communities in the deep sea, including Vibrio species (12) (13) (14) (15) . Barotolerant Vibrio spp. have been isolated from deep-sea sediment and from the gut microflora of invertebrates and fish collected from a variety of deepsea habitats, including hydrothermal vents (16, 17) . For example, strains of Vibrio, Aeromonas, and Pseudomonas spp. were isolated from mud-water samples collected at a depth of 4,940 m, 150 miles east of Cape Canaveral, Florida (18) . Several culturedependent and -independent studies have confirmed the ubiquity of vibrios, and suggested Vibrio populations generally comprise approximately 1% (by molecular techniques) of the total bacterioplankton in estuaries (19) , in contrast to culture-based studies demonstrating that vibrios can comprise up to 10% of culturable marine bacteria (20) . Clearly, vibrios are ubiquitous and abundant in the aquatic environment on a global scale, including both seawater and sediment (19, (21) (22) (23) (24) (25) , and repeatedly shown to be present in high densities in and on marine organisms, such as corals (26) , fish (27) (28) (29) , mollusks (30) , seagrass, sponges, shrimp (28, 31) , and zooplankton (16, 17, 28, 32, 33) .
During dives of the deep-sea submersibles Alvin and Nautile in 1999 along the East Pacific Rise, southwest of the Mexico coast, samples of water surrounding sulfide chimneys of a hydrothermal vent community were collected and four mesophilic bacterial isolates were cultured, which were subsequently tested for phenotypic traits, including growth on V. cholerae selective thiosulfate-citrate-bile-salts-sucrose (TCBS) agar (Oxoid). The sampling locations from where these four mesophilic bacteria were isolated are described in Table 1 . Using single-gene phylogenies, the four isolates were identified as Shewanella algae, V. harveyi, and two novel Vibrio species, designated Vibrio sp. EX25 and Vibrio sp. EX97. Among them, Vibrio sp. EX25 showed phenotypic Significance During Alvin and Nautile dives in 1999, samples were collected from water surrounding sulfide chimneys of a hydrothermal vent along the East Pacific Rise and four mesophilic bacteria were isolated, including a novel Vibrio species, Vibrio antiquarius. Genomic, functional, and phylogenetic analyses indicate an intriguing blend of genomic features related to adaptation and animal symbiotic association, and also revealed the presence of virulence genes commonly found in Vibrio species pathogenic for humans. The presence of these virulence genes in an ecologically distinct Vibrio species was surprising. It is concluded that pathogenicity genes serve a far more fundamental ecological role than solely causation of human disease.
and genetic similarity to Vibrio alginolyticus, V. parahaemolyticus, and V. cholerae, all of which are human pathogens. Because it appeared to be a new Vibrio species derived from a novel habitat and closely related to human pathogenic Vibrio spp., we sequenced the whole genome of EX25 to understand its evolutionary lineage and determine its gene content, specifically those genes associated with pathogenicity in humans.
Results and Discussion
Phylogenetic analysis based on 16S rRNA showed that three of the four isolates belonged to the genus Vibrio (BB4, EX25, and EX97) and the fourth isolate, A6, was identified as S. algae. Vibrio BB4 branched with V. harveyi (Fig. 1) . Although isolate EX97 was clustered with V. parahaemolyticus, EX25 branched independently of the V. parahaemolyticus, and V. alginolyticusVibrio campbellii clade. Both isolates were sucrose-positive, oxidase-positive, and required NaCl for growth. The isolates grew well under both micro aerophilic [Gas Pak anaerobic system (H 2 and CO 2 ); Beckton-Dickson] and strict anaerobic conditions (80% N 2 , 10% CO 2 , and 10% H 2 ). In 1% tryptone amended with NaCl, EX25 grew at NaCl concentrations up to 10% and in alkaline peptone water visible growth also occurred at temperatures as high as 50°C. Because protein-encoding genes evolve faster than rRNA genes, additional trees were constructed based on the protein-encoding genes toxR (cholera toxin transcriptional activator), ompW (outer membrane protein W), and other highly conserved genes among Vibrio spp. to yield better resolution in phylogenetic analyses. The constructed phylogenetic trees were in good agreement with 16S tree. DNA-DNA hybridization was also conducted to understand the genomic relatedness of the two isolates to 41 type strains of Vibrionaceae, and the highest relative branching ratio of 42% (Fig. S1 ) was obtained when EX25 was hybridized with type strains of V. parahaemolyticus and V. alginolyticus.
Taxonomy of Vibrio EX25 Based on Average Nucleotide Identity.
Species delineation was determined by average nucleotide identity (ANI) between genomes (34), with highest ANI observed between Vibrio EX25 and V. alginolyticus 12G01 (91%) and V. parahaemolyticus RIMD 2210633(84%), both of which is below the hypothesized species demarcation threshold value of 95% (35, 36) (Fig. S2A) , indicating EX25 as a separate species closely related to V. alginolyticus and V. parahaemolyticus. A tetra nucleotide signature correlation index, an alignment-free parameter helpful in deciding whether a given pair of organisms belongs to the same species (36) , demonstrated EX25 to have highest correlation with V. alginolyticus, yet below the same species threshold (Fig. S2B ). These findings, along with16S rDNA and DNA-DNA hybridization results, confirm separate species designation for Vibrio sp. EX25, for which the species name Vibrio antiquarius is proposed (i.e., a bacterium of the aquatic environment derived from the antiquity of the deep sea).
Whole Genome Phylogeny. The phylogeny of V. antiquarius was inferred by constructing a genome-relatedness neighbor-joining tree, using homologous alignment of 522 orthologous proteincoding genes of 36 Vibrio genomes, as a strict measure of the core Vibrio genome. The evolutionary tree (Fig. 2) showed fully resolved bifurcating patterns, with varying levels of diversity as evidenced by tree branch lengths, placing V. antiquarius, V. alginolyticus, V. parahaemolyticus, Vibrio sp. AND4, and V. harveyi in a monophyletic clade. V. antiquarius EX25 branched with V. alginolyticus, with V. parahaemolyticus as an outgroup to both of them. Strains of V. cholerae and V. vulnificus were each monophyletic within the species. This finding corroborated findings by shared gene content, ANI, and 16S phylogeny, and strongly indicates that at least for the core of these genomes, they share a common ancestry that excludes V. cholerae.
Genome Features. A combination of Sanger sequencing and 454 pyrosequencing yielded high-quality assembly of the EX25genome, with an asymmetrical, two-chromosome structure observed, consistent for Vibrio genomes (37) . The larger (C-I) and smaller (C-II) chromosomes comprised 3.26 and 1.83 Mb, respectively ( Fig. S3 and Table S1 ), with 45% G+C composition. Chromosomal distribution of the genes followed a pattern typical of vibrios, with C-I predominantly carrying genes for viability and growth, and C-II containing genes associated with adaptation to environmental change. A total of 4,529 protein-coding sequences (CDS) were identified (2,846 at C-I and 1,683 at C-II) with 27.5% of CDSs annotated as hypothetical proteins. Additionally, the V. antiquarius EX25 genome contained a superintegron (SI) cassette spanning approximately 113 kb on C-I (Table S1 ).
Comparative Genomics. Multigenome comparison ( Fig. 3 ) was carried out using reannotated eight reference Vibrio genomes (38) . Pairwise reciprocal BLAST analysis revealed EX25 shared higher predicted CDSs with V. parahaemolyticus (3,973, 87.7%), V. alginolyticus (3,943, 87%), V. harveyi (3,567, 79%), and V. vulnificus (3,309, 73%) (Fig. S4 ). CDSs shared with V. parahaemolyticus (3, 973) and V. vulnificus (3,309) corresponded to 82% and 84.5% of the V. parahaemolyticus and V. alginolyticus genomes. Analyses of shared gene content indicated V. antiquarius, V. alginolyticus, and V. parahaemolyticus are about equidistant (Fig. S4 ). Additionally, a large number of genomic regions (∼23 on C-I and ∼17 on C-II) were found with significant mismatch (Fig. 2 ) compared with other reference Vibrio genomes. These mismatches occurred most likely because of the insertion of genomic islands and acquisition of mobile genetic elements in those regions, resulting in strain specific CDSs. Interestingly, C-II contained more strain-specific CDSs than C-I. These chromosomal regions contributed significantly to the 586 CDSs (13% of the V. antiquarius genome), which had no reciprocal match in the V. alginolyticus genome. Approximately 43% (256 CDSs) of these CDSs represent either hypothetical proteins or proteins of unknown function. The presence of an integrase gene, together with a G+C content atypical to the chromosomal G+C, and at least seven major regions of disagreement, including pre-CTX prophage, SI, Vibrio pathogenicity island 2 (VPI-2), ORF: 4331-4339, ORF: 4301-4312, ORF: 3898-3902, and ORF: 1829-1846, suggests these regions are subject to horizontal gene transfer or chromosomal integration via phage, but might have a necessary function in the deep-sea habitat. The V. alginolyticus genome contained 723 CDSs (15% of its genome) without any reciprocal match with V. antiquarius.
Genome Plasticity. Genomic islands (GI's), notably pathogenicity islands, contribute to the evolution and diversification of microbial life. The V. antiquarius genome encoded >70 genomic islands as predicted by Island Viewer (39) (Fig. S5 and Table S2 ). Among the GIs predicted by multiple methods, 21 were located on C-I and 12 were on C-II. Average size of the islands in C-I was 14 kb, with G+C content ranging from 36 to 40%, which is lower than the overall chromosomal G+C of 45%. The 12 GIs on C-II had a G+C content ranging from 38 to 42%, with 10.7-kb average size. Part of the GI-I (7%) displayed homology (74%) with the O-antigen gene cluster of Escherichia coli serotype O98: K?:H8 and Shigella dysenteriae strain M13547, whereas many of GI-II-encoded proteins are related to capsular polysaccharide biosynthesis and exhibit ∼68% sequence similarity with the E. coli capsule transport proteins. A total of 222 strain-specific CDSs identified in the genome of V. antiquarius (4.9% of the total CDSs) had no reciprocal match in the genomes of V. alginolyticus, V. parahaemolyticus, V. vulnificus, V. harveyi, or V. cholerae. Among V. antiquaries-specific protein-coding sequences, 116 (52.25%) are hypothetical or proteins of unknown function. Linear pairwise comparison of the V. antiquarius EX25 genome demonstrated several intra-and interchromosomal rearrangements compared with V. parahaemolyticus, V. harveyi, V. cholerae, and V. vulnificus (Fig. S6) . Compared with V. parahaemolyticus and V. harveyi, C-I of V. antiquarius demonstrated a high degree of synteny, compared with C-II (Fig. S7) . Such rearrangements are in agreement with the supposition that extensive genome plasticity is common in Vibrio species, particularly on C-II (40) . Additionally, the V. antiquarius genome contains many perfect and approximate tandem repeats. Using the tandem-repeats finder (41), 64 and 20 tandem repeats were identified in the EX25 genome, with period lengths of 6-417 and 6-429 bases in C-I and C-II, respectively (Table S3 ). Many tandem repeats were in protein-encoding genes exhibiting high mutation rates. The V. antiquarius genome also contained insertion sequences (IS elements) throughout its genome (Table S4) . Therefore, these might be important processes in V. antiquarius evolution to facilitate faster adaptation or quicker response to rapidly changing and challenging environmental conditions of the deep sea.
Predicted Biology of V. antiquarius. The genome of V. antiquarius EX25 encodes a number of genes that are predicted to protect the bacterium from the environmental conditions of the deep sea and are illustrated in Table 2 . Functions encoded in the genome include cytochromes for reduction of O 2 to H 2 O 2 and cytochrome C 551 peroxidase, which detoxifies peroxide, multiple catalase genes, and a superoxide dismutase for tolerating high O 2 concentrations, and genes encoding alkyl hydroperoxide reductase to scavenge endogenous hydrogen peroxide ( Table 2 ). The ability to scavenge endogenous hydrogen peroxide was absent in the other Vibrio genomes and is the major antioxidant enzyme of the endosymbiont of the tubeworm, Riftia pachyptila, inhabiting deep-sea vents (42) . Metalloendopeptidases and zincdependent carboxypeptidases were also present in the genome of V. antiquarius, useful in functioning in high concentrations of heavy metals, including zinc, present in the deep-sea vent environment (43) .
Manganese is used as a reliable tracer of hydrothermal vent emissions (44) (45) (46) and, unlike the other vibrios, the genome of V. antiquarius contains a gene annotated as multicopper oxidase, an enzyme essential for manganese oxidation, and laccase-like activity (47) . V. antiquarius also contains delta-9 fatty acid desaturase. Fatty acid unsaturation is a critical cellular process shown to be essential for growth under high pressure by increasing the rigidity of membranes and genes like delta-9 fatty acid desaturase are presumably up-regulated to increase membrane unsaturation and fluidity (48) .
Virulence Factors. The genome of V. antiquarius encodes a type III secretion system (T3SS), responsible for enabling injection of effector proteins directly into target host eukaryotic cells (49) . T3SS genes induce severe diarrhea in models of cholera infection (50) and are frequently found in V. parahaemolyticus (51). Unlike V. parahaemolyticus, V. alginolyticus, V. harveyi, and V. vulnificus, the genome of V. antiquarius also contains two clusters of type VI secretion systems (T6SS) genes on C-II. However, the two effector molecules, VgrG and Hcp, and regulatory proteins, vasK and vasH, are located in different clusters. To date, T6SSs have been defined as required for virulence or survival of a bacterium in a eukaryotic host (52-54). However, Weber et al. (55) reported T6SS in V. anguillarum regulates stress response, suggesting T6SS has an ecological rather than pathological consequence for its host (i.e., an adaptive mechanism). The V. antiquarius genome also contains tight adherence (tad) locus genes (rcp, rcpA, and tadZ), functioning in colonization of surfaces and biofilm formation (56) . V. antiquarius encodes the thermo labile hemolysin (tlh) gene in C-II, with 97% and 84% nucleotide similarity to that of V. alginolyticus and V. parahaemolyticus, respectively, but lacks tdh and trh of V. parahaemolyticus. Multiple putative proteases and other genes, whose products are predicted to encode hemolysins, are present in the genome of V. antiquarius EX25, along with homologs of ToxR, ToxS, and Integron Integrase Intl4, whose role in virulence is well established in V. cholerae and other Vibrio species. Other genes involved in pathogenicity are also present, including type IV pilin, pilA, which encodes proteins expressed during human infection, mannose-sensitive hemagglutinin, and RTX toxin. The genome contains a homolog of vvhA and, in a recent study, Smith and Oliver (57) suggested a role for haemolysin (vvhA) in V. vulnificus to aid in osmoregulation and cold-shock response. The pre-CTX prophage of V. cholerae is indicated by the presence of the accessory cholera enterotoxin, ace, Zonula occludence toxin, zot, RstA phagerelated protein, and RstB phage-related integrase genes on C-II. An insertion of bacteriophage genes was noted between rstA and ace, with 96% homology to bacteriophage BfO4K68 (Fig. 4A ). This region is most likely horizontally transferrable via bacteriophage BfO4K68. Although the genome of V. antiquarius does not contain the VPI-encoding receptor for CTX prophage, it does have an approximately 27.4-kb contiguous region on C-I (Fig. 4B) , with 86% nucleotide sequence similarity to VPI-2, found in both clinical and environmental strains of V. cholerae, a region spanning VC1758 to VC1772 of the canonical VPI-2 and encoding a type I restriction-modification system and five hypothetical proteins. However, sections VC1773 to VC1810 were not found; instead there is a 12-kb region that includes six hypothetical proteins and a phage integrase. The 12-kb insert did not show significant match with any sequences in the National Center for Biotechnology Information GenBank database, except for a 103-bp region with 78% sequence similarity to a transcriptional regulator of V. parahaemolyticus. Recent analyses of the VC1773 to VC1810 region of this island suggest this is a hot-spot for novel DNA insertion (58) . The presence of virulence factors, including two reported in V. cholerae, namely pre-CTXΦ and VPI-2 in the noncholera Vibrio antiquarius from a deep-sea environment, suggests their multifaceted role outside the human host; that is, ecological function in the natural habitat and alternate evolutionary origins apart from their core genome.
Metagenomic Survey. To determine whether V. antiquarius may be present in other environmental habitats, V. antiquarius ORFs were queried against publicly available environmental metagenomic datasets. Using a conventional Blast search, V. antiquarius EX25-specific sequences were detected in 89 shotgun metagenomic datasets and comprise saltern (60%), marine (20%), coral (3%), and human gut metagenomes (2%) (Fig. S8) . Distribution of V. antiquarius ORFs in these metagenomes suggests ubiquity of V. antiquarius in the natural environment.
Summary
Because vibrios are autochthonous to a diverse and wide range of aquatic niches, it was of interest to investigate their potential presence in the deep-sea hydrothermal vents, the only deep-sea environment having high enough temperature to be supportive of mesophilic growth. Analysis of the samples collected from hydrothermal vents did reveal the presence of vibrios in this environment, and interestingly, isolates demonstrated some phenotypic and genotypic similarity to Vibrio species pathogenic for humans. Whole-genome sequencing and subsequent comparative and phylogenomics analysis of one of the deep-sea Vibrio isolates, EX25, revealed that it belongs to a new Vibrio species, for which we propose the name, Vibrio antiquarius. The genome of V. antiquarius encodes many genes that can be interpreted as contributing to its being native to the deep-sea environment, including genes (i.e., metalloendopeptidases, zincdependent carboxypeptidases, and so forth) that are indicative of its potential association with deep-sea animals. Several studies (12) (13) (14) (15) in the past have shown the presence of diverse mesophilic microbial communities, including Vibrio species, in various deep-sea environments; however, information on the microbial communities associated with the deep-sea vent animals appeared to be very limited. Our study indicates that mesophilic vibrios are likely to be present in the mesophilic environment of the deep sea, particularly in association with the inhabiting animals. Additionally, the genome contained homologs of many virulence genes that are commonly found in Vibrio species pathogenic to human and other animals. Wide distribution of virulence genes among coastal, estuarine, and riverine Vibrio species, including V. parahaemolyticus, V. cholerae non-O1, Vibrio mimicus, Vibrio hollisae, Vibrio fluvialis, and V. alginolyticus are well known (59-61); however, finding these virulence genes in a deep-sea Vibrio sp. raises a significant question whether pathogenicity genes, in addition to pathogenicity for humans and other animals, are in fact providing ecological functions in the natural environment. Recent studies have shown that several virulence factors and pathways in Vibrio species that have a role in pathogenicity for humans may also have roles in the aquatic environment (62) , and some of the virulence genes might be relevant for basic metabolic processes, establishing the symbiosis (63), or modulating prey/ predator relationships (64) in their natural ecosystems. For example, the GbpA ligands in V. cholerae, which are involved in the intestinal colonization, have also been reported to mediate bacterial attachment to the chitinous surfaces and biofilm formation in the aquatic environment (65, 66) . The tracheal cytotoxin produced by Vibrio fischeri has also been reported to be involved in the symbiotic relationship of V. fischeri with bobtail squid (63) . Similarly, the metalloendopeptidases and zincdependent carboxypeptidases in V. antiquarius genome also encode genes (i.e., metalloendopeptidases, and zinc-dependent carboxypeptidases, and so forth) that could be indicative of its potential association with deep-sea animals. Therefore, it is possible that some of these pathogenicity genes function in the commensal relationship that V. cholerae and other vibrios have with zooplankton, notably copepods (67), encoding attachment, signaling, and interactions in aquatic communities, including the deep sea, and therefore primarily may play an ecological role in the natural environment. The presence of these genes in ecologically and phylogenetically diverse Vibrio species also suggests that these affiliations between commensals are likely very old and indicate a likely common evolution of Vibrio species into pathogens of humans and marine animals. Clearly, a new perspective is needed for understanding the intersecting roles of Vibrios in the environment and as a pathogen for humans and marine animals.
Materials and Methods
Sample Collection and Isolation of Cultures. Samples were collected from two sites on the East Pacific Rise, 9°50′N, 104°17′W by Deep Submergence Vehicle Alvin, and 13°N (12°49′N, 103°56′W) at a depth of 2,500 m by Deep Submergence Vehicle Nautile. Further description of sampling procedures and isolation sites has been described elsewhere (68) . Samples were inoculated into heterotrophic, anaerobic seawater-based media immediately after sample retrieval onboard the mother ship. Samples collected from 9°N were inoculated into MSH medium (69) The pure cultures were subjected to biochemical tests using API20E strips (Biomerieux Vitek). Salt tolerance was assayed in nutrient broth containing 3%, 6%, and 8% (wt/vol) NaCl.
DNA-DNA Hybridization. Relatedness of the isolates to reference strains of Vibrio spp. was also determined by total DNA-DNA hybridization, using random-primer labeling and chemiluminescent detection with DIG High Prime DNA Labeling and Detection Starter Kit II (Roche). Ten replicates of each strain (10 ng) were hybridized with genomic DNA from 41 referencetype strains of Vibrionaceae species. Four additional strains of V. cholerae and two of V. mimicus were included as reference strains and their relative binding ratios calculated. The reference strains were also probed against one another, serving as controls.
Immunological identification, using anti-DIG-AP and CSPD (chemiluminescent substrate) was performed, according to manufacturer's protocol (Roche). Blots were exposed to X-ray film for 20 min to 4 h, depending on the signal obtained. Developed film was scanned using a densitometer (Personal Densitometer SI) and dots quantitatively evaluated using ImageQuaNT software for Windows NT (Molecular Dynamics, v4.2a).
Genome Sequencing. The genome of Vibrio sp. EX25 was sequenced by the Joint Genome Institute, and all general aspects of sequencing performed at the Joint Genome Institute can be found at jgi.doe.gov/. Draft sequences were obtained from a blend of Sanger and 454 sequences and involved paired-end Sanger sequencing on 8-kb plasmid libraries to 5× coverage, with 20× coverage of 454 data accomplished and optional paired end Sanger sequencing on 35-kb fosmid libraries to 1-2× coverage (depending on repeat complexity). ThePhred/Phrap/Consed software package (www.phrap.com) was used for sequence assembly and quality assessment (70, 71 stage, reads were assembled with parallel phrap (High Performance Software). Draft assemblies were based on 39,974 total reads. Repeat resolution was performed using Dupfinisher (72) . Gaps between contigs were closed by editing in Consed and several targeted finishing reactions, including transposon bombs (73) , primer walks on clones, primer walks on PCR products, and adapter PCR reactions. Gene-finding and annotation were achieved using the RAST server (38) . The completed genome sequences of Vibrio EX25 contained 42,569 reads, achieving average eightfold sequence coverage, with error rate of less than 1 in 100,000. 16S rRNA GenBank accession numbers for Vibrio sp. BB4, EX25, EX97, and S. algae A6 are AF 319768; AF319769, AF319770, and AF 319767, respectively.
Comparative Genomics. Genome-to-genome comparison was performed using three approaches. First, nucleotide sequences as whole contigs were directly aligned using the MUMmer (74) . Second, ORFs of a given pair of genomes were reciprocally compared with each other, using BLASTN, BLASTP, and TBLASTX (ORF-dependent comparison). Third, a bioinformatic pipeline was developed to identify homologous regions of a given query ORF. Initially, a segment on a target contig homologous to a query ORF was identified using BLASTN. This potentially homologous region was expanded in both directions by 2,000 bp, after which nucleotide sequences of the query ORF and selected target homologous region were aligned, using a pairwise global alignment algorithm (75) , and the resultant matched region in the subject contig was extracted and saved as a homolog (ORF-independent comparison). Orthologs and paralogs were differentiated by reciprocal comparison. In most cases, both ORF-dependent and independent comparisons yielded the same orthologs, although the ORF-independent method performed better for draft sequences of low quality where sequencing errors, albeit rare, hampered identification of correct ORFs. Orthologous regions were used to generate phylogenetic trees. The set of orthologous regions for each CDS were aligned using CLUSTALW2. The resultant multiple alignments were concatenated to form genome scale alignments which were then used to generate the neighbor-joining (76) phylogenetic tree.
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